Abstract: The aim of this study was to evaluate the biostimulation (BS) effect of the gallium-aluminum-arsenide (GaAlAs) diode laser by histopathology with an experimental osteoarthritis (OA) model in the temporomandibular joints (TMJ) of rabbits, in the early period. GaAlAs diode laser is used for pain reduction in TMJ disorders. Twenty-four adult male New Zealand white rabbits were randomly divided into three equal groups: Control Group (CG), Study Group 1 (SG-1), and Study Group 2 (SG-2). Mono-iodoacetate (MIA) was administered to the right TMJs of all rabbits. The rabbits did not undergo any treatment for four weeks to allow the development of osteoarthritis. In SG-1, laser BS was applied to the rabbits at 940 nm, 5 W, and 15 J/cm 2 in continuous wave mode at 48-hour intervals for 14 sessions; and in SG-2, laser BS was applied with the same parameters at 24-hour intervals for 28 sessions. Laser BS was not applied to the rabbits in CG. All rabbits were sacrificed simultaneously. The TMJ cartilage, osteochondral junction, chondrocyte appearance, and subchondral ossification were evaluated histopathologically. There was no statistically significant difference between the groups in terms of cartilage, osteochondral junction, chondrocyte appearance, and subchondral ossification values (p > 0.05). The laser BS protocol used in the study had no positive histopathological effects on TMJ OA in the early period.
Introduction
Osteoarthritis (OA) is a chronic degenerative disease that is characterized by cartilage destruction, osteophyte formation, and subchondral sclerosis, and occurs in a progressive manner specific to synovial, diarthrodial, and load-bearing joints. The disease manifests as slow and progressive, and can be monoarticular or polyarticular.
1,2 Temporomandibular joint (TMJ) OA is a disease characterized by severe cartilage degradation, subchondral bone remodeling, synovitis, and chronic pain. 3, 4, 5 Although it is known to be based on inflammation and subchondral bone remodeling, the pathogenesis of TMJ OA is not clear. 4 This issue is controversial due to the long-term disease course, in general. However, it is thought to develop due to an increased load on the joints 6 of which continuation causes deterioration in the articular surface and subarticular structures. 7 Declaration of Interests: The authors certify that they have no commercial or associative interest that represents a conflict of interest in connection with the manuscript.
Prevalence determination of TMJ OA is difficult because there is no relationship between the clinical manifestations and the structural changes occurring in the articular cartilage. Although histological features are estimated to be present in 40 to 60% in the community 8 , clinical symptoms are seen in 8-16% of patients. 9 Moreover, 44% of asymptomatic patients have radiographic signs of TMJ OA. 9 Various procedures ranging from conservative treatment to surgical treatment are applied to patients with TMJ OA. Conservative procedures include recommendations to avoid forced movements of the mandible, prescription of analgesic and antiinflammatory drugs, splint therapy, thermal therapy, or minimally invasive methods. 10, 11 Radical treatment procedures ranging from open joint surgery (arthroplasty) to TMJ replacement can be performed in patients in whom medications and conservative treatment options have failed. 10 However, since radical treatments are associated with the risk of intraoperative and postoperative complications, it is necessary to develop alternative conservative treatment modalities.
Gallium aluminum arsenide (GaAlAs) lasers are members of the semiconductor laser family, which typically uses a combination of gallium crystals, aluminum, and arsenide to transform electrical energy into light energy. 12 GaAlAs diode lasers are generally set at between 800-980 nm wavelength for therapeutic usage, which fall into the near infrared area (also called "infrared A") in the electromagnetic spectrum. 13 Since this type of laser beam at the 940 nm wavelength is not perceived by the naked eye due to the area falling on the electromagnetic spectrum, it is applied with the deep tissue handpiece proposed for TMD and TMJ conditions, which contains a special red light showing the application area. The biostimulation effects of GaAlAs lasers have been demonstrated in clinical and animal studies before. Cellular and clinical studies have shown that GaAlAs lasers enhance the activation of fibroblasts and osteoblasts, aid the healing of soft tissues, and increase alveolar bone remodeling rate through the light energy from the laser beam being converted to chemical energy in the cell. 14, 15 However, in the TMJ region at the level of cellular response, the histopathological effects of GaAlAs lasers are not known precisely.
GaAlAs diode lasers are the most preferred lasers by doctors and dentists for pain treatment of muscles, tendons, and joints. 13 Today, although laser BS is the preferred option for reducing pain in various TMJ disorders, 16, 17 it is not well known whether, or to what extent, laser BS creates histopathological changes in the TMJ. There is also no definitive BS treatment protocol for patients with TMJ OA.
In this study, the purpose was to evaluate the BS effect of the GaAlAs diode laser on experimental OA in the TMJs of rabbits, in the early stage, by histopathological exam.
Methodology
This study was approved by the Animal Experimentation Ethics Committee of Karadeniz Technical University (Process number: 2014/17). Twenty-four adult male New Zealand white rabbits (weight: 2.5-3.0 kg) were used in the study. The rabbits were housed on a 12-hour light:12-hour dark cycle at 21°C in partitioned cages in a clean, warm, artificially illuminated, and sunny environment. The rabbits were randomly divided into three equal groups; Control Group (CG), Study Group 1 (SG-1), and Study Group 2 (SG-2). Intraarticular mono-iodoacetate (MIA) injections were performed into the right TMJs of all rabbits to create the experimental OA. The CG did not receive treatment. For the treated groups, two different laser BS protocols were planned as described in the "Laser Biostimulation Protocol" section. Rabbits in SG-1 received 14 sessions and rabbits in SG-2 received 28 sessions of laser BS.
Formation of the Experimental OA
Ketamine hydrochloride (50 mg/kg, Ketalar ® flk., Pfizer, 50 mg/mL solution) and 5 mg/kg xylazine hydrochloride (Rompun ® enj 2% sol., Bayer, Germany) were administered intramuscularly to the rabbits in order to provide anesthesia. Afterwards, the skin of the TMJ was exposed, and antisepsis was achieved using 10% povidone-iodine solution (Betadine ® sol., Kansuk, Turkey). As reported by Guler et al., 18 in order to develop experimental OA, MIA (Sigma I 2 512-25G, St. Louis, MO, USA) was prepared as 3 mg/mL solution in an amount sufficient for the TMJs of 24 rabbits.
Fifty microliters of the MIA solution was injected intraarticularly into the right TMJs of all rabbits in CG, SG-1, and SG-2 ( Figure 1A) . A period of 4 weeks was allowed for the induction of OA signs in the tissues.
Laser biostimulation protocol
Following the waiting period after the injection of MIA, for SG-1 and SG-2, the laser probe was placed perpendicularly to the cutaneous surface on the right TMJ. The GaAlAs diode laser (Ezlase 940 diode laser, Biolase, USA) was applied to the rabbits at 940 nm, 5 W and 15 J/cm 2 in continuous wave mode. For SG-1, applications were done at 48-hour intervals for 14 sessions ( Figure 1B ) and for SG-2, applications were done at 24-hour intervals for 28 sessions. No treatment was applied to the left TMJ of the rabbits. Laser BS was not applied to the TMJ of the rabbits in the control group, which were kept in the cages to be simultaneously sacrificed with the rabbits in SG-1 and SG-2.
Histological procedures
At the end of BS, an overdose of thiopental sodium (100 mg/kg) (Ekipental, Tum-Ekip Pharmaceuticals Inc., Istanbul) was intracardially administered to the rabbits for euthanasia.
The joints were cut under irrigation and excised en bloc with 2×1 cm in size ( Figure 1C ). TMJs were fixed in 10% formaldehyde solution for 48 hours and then placed in a decalcifying solution containing 10% formic acid. The solution was changed every two days during the decalcification process.
19 All joints were decalcified for 25 days in average. The joints were washed in water and then dehydrated through a series of ethyl alcohol solutions. After, the joints were treated with xylene to become transparent and embedded in paraffin.
Five-micrometer-thick sections were obtained from the joints embedded in paraffin using a microtome (Leica RM2255, Germany). They were hydrated by alcohol/xylene series after being removed from paraffin. All sections were stained with hematoxylin and eosin (H&E) staining protocol. Sections were passed through a graded series of ethanol and xylene and then covered with a coverslip.
The slides were examined under a light microscopy (Olympus BX-51; Olympus Co., Tokyo, Japan) and photographed by a camera (Olympus DP 71 Olympus Co., Japan). The slides prepared for each TMJ were evaluated in terms of articular cartilage, osteochondral junction, chondrocyte appearance, and histologic changes in subchondral bone structure. The following classifications were used for the evaluation: articular cartilage = normal, thickened, and thinned; chondrocyte appearance = normal, hypocellular, and clustered; osteochondral junction = normal, invaginated, and weak; and subchondral bone structure = normal and increased trabecular bone. 18, 20 In addition, the joints that showed normal histological structure in terms of articular cartilage, chondrocyte appearance, and osteochondral junction were classified as "Normal" and the joints that exhibited signs of osteoarthritis or pathological changes were classified as "Abnormal".
Statistical analysis
The IBM SPSS 22 Statistical Software (IBM Corporation Armonk, NY, USA) was used to analyze the data. The Chi-square and binomial tests were performed to examine the homogeneity of the categorical data. For data comparison, the Pearson's Chi-square test, the linear-by-linear association test, and the Fisher's exact tests were used together with the Monte Carlo simulation technique. The categorical data are reported as n (number) and percentage (%). A 95% confidence level was used and a p-value less than 0.05 was considered statistically significant.
RESULTS
Unfortunately, one rabbit from SG-1 and two rabbits from SG-2 were lost due to their inability to adapt to stress and environment during the study period. All the other animals completed the study without complications, and the final distribution of the rabbits in the groups was as follows: CG (n = 8), SG-1 (n = 7), and SG-2 (n = 6).
Histopathological findings of OA were seen in all TMJs except for one joint in SG-1. Various histological sections (articular cartilage, osteochondral junction, chondrocyte appearance, and subchondral bone) from the TMJ samples are shown in Figure 2 . The changes in articular cartilage, osteochondral junction, chondrocyte appearance, and subchondral bone were recorded as number and percentage and are shown in Table. There was no statistically significant difference between the groups in terms of articular cartilage (p = 0.203). The samples that showed decreased or increased articular cartilage thickness (OA findings) were combined under the "Abnormal" category. According to this new classification, there was no statistically significant difference between the two "Normal" and "Abnormal" groups (p = 0.349).
No significant difference between the groups was found in terms of osteochondral junction (p = 0.107). The samples that showed invaginated or weak osteochondral junction (OA findings) were combined under the "Abnormal" category. According to this new classification, there was still no difference between the "Normal" and "Abnormal" groups (p = 0.135).
There was no significant difference between the groups in terms of chondrocyte appearance (p = 0.687). The samples that showed clustering or hypocellularity (OA findings) were combined under the "Abnormal" category, without significant difference between the "Normal" and "Abnormal" groups (p = 0.551).
No significant difference was found between the groups in terms of subchondral bone (p = 0.641).
Discussion
OA, which is one of the TMJ disorders, can be briefly described as a disease characterized by severe cartilage degradation, subchondral bone remodeling, synovitis, and chronic pain. 3, 4 Since the level of inflammatory mediators in TMJ OA is low, there are different opinions on whether or not it is an inflammatory disease. Although its etiology is unclear, several researchers think that severe malocclusion, mandibular skeletal asymmetry, and muscle overwork are the predisposing factors for TMJ OA. 4, 8, 21, 22 Although inflammation of the mandibular condylar cartilage and subchondral bone remodeling are responsible for TMJ OA, the pathogenesis of TMJ OA is unclear, and this issue is controversial. 4 Experimental osteoarthritis models with similar mechanism as in humans are used to study the pathogenesis of TMJ OA.
9,23 MIA 24, 25 , interleukin-1, and tumor necrosis factor-α, 26 which are administered intraarticularly and target the articular cartilage cells, are used to create the models. MIA, which is frequently used for TMJ disorders in the literature, was used in our study; it acts by inhibiting the glycolytic metabolism of chondrocytes, 24, 25, 27 resulting in cell death and eventually OA.
Since cartilaginous changes in the early stages of OA cannot be detected radiographically and degenerative changes can be observed in late stages, it is difficult to establish a relationship between clinical and radiological findings. 28, 29, 30 For this reason, we planned a histopathological study to evaluate early results.
Methods used in the treatment of TMJ OA have been defined by Mercuri 31 as non-invasive, minimally invasive, invasive surgical, and rescue procedures. It seems that the GaAlAs laser BS has not been used as a treatment step.
Conventional treatments for TMJ OA are mainly aimed at eliminating pain, improving function, and modifying cartilage damage. To reduce the symptoms of TMJ OA, NSAIDs and muscle relaxants are prescribed. Long-term treatment can be a disadvantage for patients. Patient motivation must be high and continuous for the use of oral appliances, which are one of the non-invasive methods; however, oral appliances do not give a definitely positive result. Although physical therapy helps reduce pain, heavy exercises can reduce the quality of life of patients. Intraarticular corticosteroid injections are minimally invasive OA treatments but are rarely used and it is known that repeated injections can increase the risk of infection or cartilage destruction. 31 The therapeutic efficacy of arthrocentesis, which is frequently used for the treatment of TMJ OA, remains controversial. 32 Due to the risk of complications associated with invasive surgical techniques such as arthroplasty and osteotomy, it is necessary to develop a new treatment method for TMJ OA. We have been focusing on the question whether the GaAlAs laser BS, which is increasingly used in orthopedics and dentistry, can be a noninvasive treatment protocol for TMJ OA.
New Zealand white rabbits were used in our study. This breed of rabbit has the appropriate tissue, size, and anatomy to perform this study, and provides a suitable physiological model for mimicking TMJ OA in humans. In accordance with similar studies, male rabbits were used to avoid hormonal effects on bone and articular cartilage. 18, 20 In our study, articular cartilages, osteochondral junctions, chondrocytes, and subchondral bone tissues were evaluated to investigate OA findings. Moreover, articular cartilage thinning or thickening, invaginated or weak osteochondral junction, chondrocyte clusters or hypocellularity, and increased subchondral trabecular bone density were evaluated. 18, 24, 25, 33 The GaAlAs diode laser, which is commonly applied for pain treatment of muscles, tendons, and joints, was used in our study. For biostimulation, the effective penetration depth of the laser is 2-3 cm. 26 As the left TMJs of the rabbits in SG-1 and SG-2 could be affected primarily or secondarily by laser BS applied in the contralateral side, only the right TMJs of the rabbits were evaluated in the study groups to guarantee the reliability of the study.
The positive effect on connective tissue healing reported by Ng et al. 27 was used to plan the protocols for multiple sessions of laser BS. Moreover, the laser was applied transcutaneously to the TMJ of rabbits in SG-1 for 14 sessions and in SG-2 for 28 sessions. As suggested by Park et al., 14 24-hour and 48-hour intervals was allowed between sessions for SG-2 and SG-1, respectively. While a total of 630 J was given for each joint in the 14 sessions of SG-1, a total of 1260 J was given for each joint in 28 sessions of SG-2.
Some authors recommend that laser BS should be applied at high parameters in order to affect hard tissue healing. 34, 35 However, some other authors advocate the exact opposite. 36, 37 The energy density is the most important parameter in laser BS. In in vitro studies on rabbits by Jia and Guo, 38 the BS effect was greater in articular chondrocytes of groups treated with a high energy density than in control groups. Moore et al. 39 supported that the energy density can be increased up to 24 J/cm 2 in laser BS. An energy density within the recommended limits by Fikackova et al. 40 for TMJ disorders was selected in our study (15 J/cm 2 ). Our results showed that there was more normal tissue in the articular cartilages treated with laser BS compared to control. However, the differences were not statistically significant. When considering the rates of thickening and thinning (an early sign of OA) especially in the fibrous layer of articular cartilage, it was seen that the positive histopathological effect of laser BS on articular cartilage was not sufficient. As reported by Alves et al., 41 this result can be attributed to the fact that laser BS primarily undertakes the task to modulate the inflammatory process in OA by stimulating anti-inflammatory mediators. 41 Although the mechanisms of BS are not fully known, the time required for cell regeneration may differ from the time needed to change the amount of the released mediator. Positive results were obtained in studies of OA, in which pain, comfort, and function were evaluated using laser BS in the literature, however this may be the reason why histopathological changes could not be demonstrated.
Despite that normal osteochondral junction had a higher percentage in the study groups treated with laser BS, there was no significant difference between the groups. Kamali et al. 42 investigated the therapeutic effect of laser on cartilage defects in the rabbit knee joint and observed an increase in stiffness and firmness at the osteochondral junctions at eight weeks. In our study, the lack of positive results in the treated osteochondral junctions can be attributed to early evaluation.
When the number of normal tissue samples was compared with that of samples with OA finding (the presence of clustering or hypocellularity in chondrocytes), there was no difference between the groups. Chondrocyte clusters are seen in the early stage of OA, which provide evidence that OA occurred in our study. 33, 43 Hypocellularity is a more common finding in the late stage of OA, and occurs due to apoptotic cell death. 33, 43 In our study, although chondrocyte clustering was not statistically significant, it was found to be higher as a percentage in the control group than in the treated groups. This result can be attributed to the regeneration ability of laser BS on chondrocytes. 42 Our study also supported the finding by Torricelli et al. 44 that no cellular damage in the chondrocytes is caused by the GaAlAs laser BS.
It is known that OA can cause pathological changes in the subchondral bone. Therefore, subchondral bone tissue showing an increase in trabecular bone, which is a finding of OA and a defense response of tissues, was most often seen in the CG samples (62.5%). Although the percentage of normal subchondral bone tissue was higher in the study groups treated with laser BS, the differences between the groups were not statistically significant. The increase of normal subchondral bone tissue can be linked to the ability of laser BS to increase tissue regeneration. 45 Subchondral bone sclerosis or subchondral cysts, which are seen in the late phase of OA, were not observed. The increased trabecular bone density, which was considered an early sign of OA in our study, was consistent with findings of the MIA study on rabbits by Duygu et al. 18 When new methods are sought for treatment of a joint disease that clinically manifests as persistent pain (such as OA), the amount of pain relief must be considered. The absence of histopathological changes in tissues after laser BS does not imply that clinical symptoms of OA cannot be reduced; a positive effect might be obtained in clinical findings of the TMJ OA with laser BS.
Conclusion
The biostimulation effect of the GaAlAs diode laser did not result in a significant difference in TMJ OA at histological level but may have positive effects at the clinical level. Moreover, it was observed that when appropriate BS parameters are established, significant histological improvement might be achieved. In light of the data obtained from our study, it was concluded that there is a need for new studies in order to develop different laser BS protocols for the treatment of TMJ OA.
